We report dierential expression of the RB1 tumor suppressor gene and the homologous genes p107 and p130 during embryogenesis. Abundant RB1 transcripts were detected during neurogenesis, hematopoiesis, myogenesis, lens development and in the ganglion cell layer of the embryonic retina, prior to and during dierentiation. The expression pattern of RB1 mirrored the defects in RB1 mutant mice (RB
Introduction
The tumor suppressor retinoblastoma gene product, pRb, is a member of a family of proteins that includes p107 and p130, characterized by interaction with the adenovirus oncoprotein, E1A (Harlow et al., 1986) . p107 and p130 share high homology with each other, but less with pRb (Ewen et al., 1991; Hannon et al., 1993; Li et al., 1993) . Germ line mutations in RB1 predispose individuals to childhood retinoblastoma and osteosarcoma; somatic mutations in RB1 contribute to progression in breast, lung and prostate tumors (reviewed in Zacksenhaus et al., 1993a) . Though p107 (Ewen et al., 1991) and p130 (Hannon et al., 1993; Li et al., 1993) are localized in chromosomal regions which are frequently deleted in tumors, there is no evidence that mutations in these genes play any roles in human cancer.
Heterozygous disruption of RB1 in the mouse (RB +/7 ), predisposes to pituitary and other tumors. RB 7/7 embryos die in utero at embryonic day 14.5 with distinct abnormalities in erythropoiesis, neurogenesis and lens development (Clarke et al., 1992; Jacks et al., 1992; Lee et al., 1992) . The liver of RB 7/7 embryos is small and exhibits reduced cellularity, with many immature nucleated red blood cells (Jacks et al., 1992) . In the nervous system, ectopic DNA synthesis and increased cell death in post-mitotic areas lead to abnormal dierentiation (Lee et al., 1994) . Development of the lens of RB 7/7 embryos is also impaired (Morgenbesser et al., 1994) . By extending the life span of RB 7/7 mutant mice, using an RB1 transgene that drives low expression of pRb, we have been able to study the role of pRb in muscle dierentiation which occurs after E14.5. These partially rescued fetuses display speci®c defects in terminal myogenesis of skeletal muscles including endoreduplication within surviving myotubes, myoblast cell death and incomplete dierentiation (Zacksenhaus et al., 1996a) . The RB1 mutant phenotype is characterized by the inability of cells to permanently withdraw from the proliferative cycle; instead, ectopic DNA synthesis, increased cell death and abnormal dierentiation ensue.
Both p107 and p130 knock-out mice are viable and show no gross abnormalities (Cobrinik et al., 1996; Lee et al., 1996) , but mice de®cient in both genes die at birth with defective endochondral bone development (Cobrinik et al., 1996) . Embryos homozygous for mutations of both RB1 and p107 die at 11.5 days of gestation with accelerated cell death in liver and central nervous system (CNS) .
How the pRb family of proteins act in cell cycle regulation and dierentiation in distinct cell lineages is unknown, but is evident from the tissue speci®c defects in the knock out mice. We here show by in situ hybridization analysis that the RB1 family is differentially expressed during embryogenesis. We found that RB1 and p107 are highly expressed in distinct tissues with the exception of liver and CNS where they are coexpressed; p130 expression is low throughout embryogenesis.
Results

Developmental expression of RB1
The distribution of transcripts speci®c to the RB1 family during embryogenesis was determined by in situ hybridization, using probes unique for each gene (Figure 1) . In situ hybridization with sense riboprobe gave only very low signal (data not shown). Figure 2 shows the expression pro®les obtained with the antisense riboprobe for RB1, from embryonic day 8.5 (E8.5) to E17.5 in representative sagittal sections. In contrast to adult mice where RB1 is widely expressed (Bernards et al., 1989) , the expression of RB1 during embryogenesis was restricted to speci®c cell lineages including the nervous system, liver, muscles and lens. RB 7/7 mice show phenotypic defects in all these tissues (Jacks et al., 1992; Lee et al., 1994; Morgenbesser et al., 1994; Zacksenhaus et al., 1996a) . RB1 was also expressed in the follicles of vibrissae at E14.5 ( Figure  2g) , and in the thymus at E16.5 (Figure 2i ) where no defect has yet been demonstrated in the absence of pRb. Highest RB1 expression was observed at midgestation (E12.5 ± E14.5) and lowest at late fetal development (E17.5), indicating both spatial and temporal regulation.
The nervous system
Consistent with the documented neuronal defects in RB 7/7 mice (Lee et al., 1994) , we have detected RB1 transcripts in the nervous system at all stages examined, from E8.5 to E17.5 (Figure 2a ± j) . Folding of the neural plate starts in the area of the somites at around E8 and proceeds bidirectionally, ending at the cranial and caudal neuropores. RB1 expression was seen in the neuroepithelium (NE) of the neural tube in the head and trunk, and in the tail regions of E8.5 ± 9.5 embryos (Figure 2a and 2b) . At E10.5 ± 11.5, expression was found in NE of the various brain folds, the telencephalon, mesencephalon and myelencephalon and in the neural tube (Figure 2c and d) . RB1 was expressed in neural crest progenitors: the dorsal root ganglia (DRG) (Figure 2e , f and h) and trigeminal ganglia (Figure 2g) , and in the olfactory NE from E12 onward, clearly seen at E15.5 (Figure 2h ).
Hematopoiesis
The second lineage aected by the RB 7/7 mutation is the hematopoietic system (Jacks et al., 1992) . During development, hematopoiesis occurs ®rst in the yolk sac and then in the liver at E12. Low levels of RB1 expression were detected in the developing liver by E10.5 ± 11.5, prior to the shift of hematopoiesis from the yolk sac to the liver (Figure 2c and d) . Expression of RB1 in the liver was sustained through E10.5 ± 17.5, with maximum expression at E12.5 ± 15.5 (Figure 2e , f and h).
Myogenesis
Skeletal muscles originate from the paraxial mesoderm that forms the somites (Olson and Klein, 1994) . By E10 ± 11 myotomes containing myoblast precursors are delineated from the somites. At around E14, migrating myoblasts fuse to form elongated myotubes and functional muscles. RB1 transcripts were detected throughout myogenesis: in somites and myotomes at E8.5 ± 11.5 ( Figure 2a , c and d), in migrating myoblasts at E12.5 ± 13.5 (Figure 2e and f) and in dierentiating muscles at E14.5 ± 16.5 ( Figure 2g , h and i). Consistent with the expression of RB1 during myogenesis, both in vitro and in vivo studies indicate that pRb is required for terminal dierentiation of skeletal muscles (Gu et al., 1993; Schneider et al., 1994; Zacksenhaus et al., 1996a) .
Eye
Since RB1 mutations speci®cally initiate retinoblastoma in human, we analysed sections through the developing eye ( Figure 3 ). RB1 transcripts were detected in the ganglion cell layer of the developing retina from E13.5 through E17.5 (Figure 3c ± j). Although there is no evidence for retinal abnormalities in E13.5 RB 7/7 embryos, reduced contribution of RB : RB +/+ chimeric mice (Maandag et al., 1994; Williams et al., 1994) . RB1 transcripts were not detected in the embryos in the outer half of the retina, which dierentiates after birth.
Development of the lens ®bers is greatly impaired in RB 7/7 mice (Maandag et al., 1994; Morgenbesser et al., 1994; Williams et al., 1994) with a marked increase in apoptosis. Accordingly, RB1 transcripts were detected in the lens by E11.5 through E17.5, with maximal expression attained by E13.5 ( Figure 3 ).
Developmental expression of p107 and p130
To detect p130 transcripts, in situ by hybridization was performed with probes corresponding to two dierent portions of the cDNA, which were cloned from an E14 embryonic cDNA library by PCR ampli®cation ( Figure  1 ). Both probes revealed very low and diuse expression of p130 in most tissues throughout embryogenesis with moderate increase in late fetal development ( Figure 4 and data not shown), notable expression in developing bones at E15.5 (panel d) and highest expression in the liver.
Consistent with the accelerated cell death in liver and CNS in RB 7/7 : p107 7/7 mice, p107 was detected by in situ hybridization in the liver and CNS ( Figure  5 ). In addition, p107 was expressed in the heart, lung, kidney and gut, where RB1 transcripts were undetectable. In contrast to RB1, p107 was not detectable in muscles by in situ hybridization. While RB1 expression was readily detected in the NE of E8.5 ± 9.5 embryos (Figure 2a and b) , p107 was detected only at E10.5 ( Figure 5b ). As dierentiation of the NE proceeded, expression of p107 became restricted to the ventricular zone containing proliferating neuronal precursors (Figure 5c ± f). At E12.5 ± 13.5, p107 expression peaked and was clearly observed in the ventricular NE, liver, lung, heart, kidney and gut (Figure 5d and e). In the Figure 1 Schematic structure of riboprobes used in this study. Size and approximate location of the RB1, p107 and p130 riboprobes relative to a generic RB1 family molecule are shown. RB1 and p107 probes are restriction enzyme fragments from the respective cDNAs, cloned in pGEM-7fz. The p130 probes were ampli®ed by PCR from an E14 mouse embryonic library and cloned into pCRII. A and B are conserved domains in RB1 family engaged in protein-protein interactions; 3'UTR, 3' untranslated region midgut and stomach, p107 transcripts appeared in the inner epithelial compartment (Figure 5g and h). At this stage, p107 was moderately expressed in cartilage (Figure 5i ). Thereafter, expression of p107 declined to background levels in late stage fetuses (Figure 5j and not shown).
Dierential expression of RB1 and p107 in the CNS
The expression pattern of p107 in the CNS ( Figure 5 ) appeared to overlap that of RB1 (Figure 2 ). To analyse in detail the expression patterns of these related genes, in situ hybridization was performed on adjacent sections ( Figure 6 ). Expression of RB1 was readily detected in both mitotic (ventricular) and post-mitotic (intermediate) areas in sagittal sections across the developing brain of E10.5 embryos (Figure 6a ). In contrast, p107 expression was restricted to the ventricular zone containing proliferating cells (Figure  6b ), while expression of p130 in adjacent sections was low and diuse (Figure 6c ). Similar dierential expression of RB1 and p107 was observed in Expression levels of p107 and p130 in RB 7/7 embryos Recent in situ hybridization analysis has suggested that expression of p130 may not be altered in RB
embryos (Chen et al., 1996) . We have now extended this analysis to examine the expression of both p130 and p107 by in situ hybridization and Western blotting in RB 7/7 embryos.
In situ hybridization analysis of various sections of E10.5 ± 13.5 RB and RB +/+ littermates were fractionated on SDS ± PAGE gels and blotted with anti-p107, or anti-p130 polyclonal antibodies. Expression of these proteins was not noticeably dierent in tissues from RB 7/7 embryos compared to RB +/+ controls (Figure 7e and f) . We 
Discussion
We demonstrate by in situ hybridization analysis that the RB1 family is dierentially regulated during development. The distribution and relative levels of RB1, p107 and p130 detected by in situ hybridzation are summarized in Table 1 . Relative levels refer to the variation in signals from tissue to tissue for each probe. We have shown that RB1 is spatially regulated during embryogenesis with speci®c expression during neurogenesis, erythropoiesis and myogenesis, prior to and during dierentiation. For example, during myogenesis, RB1 transcripts are detected in muscle progenitors in the somite at E8.5 and in the myotome at E11.5, several days before the onset of terminal dierentiation which occurs post E14. In the developing eye, RB1 expression coincides with terminal dierentiation in the ganglion cell layer of the retina and in the lens.
The expression pattern of RB1 coincides with phenotypic defects in E13.5 RB 7/7 embryos in neurogenesis, erythropoiesis and lens development (Jacks et al., 1992; Lee et al., 1994; Morgenbesser et al., 1994) . RB 7/7 embryos die without any obvious muscle defects, but terminal dierentiation of muscles occurs post E14. We have recently extended the life span of RB 7/7 embryos under conditions of low expression of pRb; these partially rescued fetuses exhibit speci®c muscle defects (Zacksenhaus et al., Figure 2 Differential expression of the RB1 family Z Jiang et al 1996a). TUNEL analysis on various tissues from RB 7/7 embryos revealed increased apoptosis only in tissues that highly express RB1 (CNS, PNS, liver, muscles and lens); tissues that do not highly express RB1 did not show elevated cell death (Zacksenhaus et al., 1996a) .
Our results clarify several, but not all, phenotypes of mice de®cient in members of the RB1 family. The expression pattern of RB1 in liver, nervous system, muscles and lens correlates well with the defects in RB 7/7 embryos. Perhaps, because p107 and p130 share high homology with each other but less homology with pRb, RB 7/7 embryos are not well compensated by p107 and p130. The double knockout RB
7/7
: p107 7/7 mice do show accelerated cell death in liver and CNS, indicating that lack of expression of both genes can have an additive eect. Expression of p107 can partially substitute for pRb during dierentiation of RB 7/7 myoblasts in vitro (Schneider et al., 1994) , therefore p107 may compensate for pRb in some tissue contexts. Whether the dierent eects of the RB1 family depend on expression, rather than protein activity is yet to be determined.
The low expression of p130 during embryogenesis may explain the normal development of p130
knock-out mice (Cobrinik et al., 1996) . The combined expression of p107 and RB1 in almost all tissues may compensate for p130. The lack of discernible defects in p107 7/7 knock-out mice may involve upregulation of either p130 or RB1; this possibility is now amenable to experimental analysis. The RB1 promoter contains an E2F site and is repressed by overexpression of p107 (Hong et al., 1989; Zacksenhaus et al., 1993b; EZ unpublished results) . It is therefore conceivable that the RB1 promoter is normally silenced by p107 and is deregulated in p107 7/7 mice.`Knock-in' experiments in which p107 is placed under control of the RB1 promoter, and visa versa, as was done for en1 and en2 (Hanks et al., 1995) , may clarify the extent to which the pRb family is biochemically redundant.
The only tissues with high and overlapping expression of RB1 and p107 are the liver and CNS (Figure 2 and 5 ). In agreement with these observations, compound mutant embryos with mutations in both RB1 and p107 show accelerated cell death only in liver and CNS . The speci®c limb defect in p107 7/7 : p130 7/7 double knock-out mice is however not easily reconciled. p130 is expressed at low but distinct levels in developing bones (Figure 4d ). p107 is also expressed at low levels in bones (Figure 5i ), but expression in bones is lower than in heart, lung, kidney and intestine where neither RB1 nor p130 is detectable. S-labeled p107 riboprobe. Panels (f ± i) were magni®ed from e. Note the expression of p107 in the cartilage (i -arrow). Abbreviations as in Figure 2 and 4. K, kidney; Mg, midgut within physiological umbilical hernia Why is then a speci®c bone but not other defects? It is possible that the lack of p107 is speci®cally compensated by pRb, p130 or other mechanisms in all tissues with the exception of bones. Alternatively, the bone defect may not be cell autonomous and may instead result from a defect in the secretion of hormones/ growth factors that in¯uence limb development. Additional experiments such as chimeric analysis may solve these issues.
One implication from our study is that the expression of proteins interacting with the pRb family, such as the E2F/DP family of heterodimeric transcription factors
E13.5 E13.5 E14.5 E10.5 RB P107 Figure 6 In situ localization of RB1, p107 and p130 in the CNS. Serial sagittal (a ± c) and transverse (d ± i) sections through embryonic brains were hybridized with the indicated probes. RB1 is expressed throughout the neuroepithelium layer, p107 is expressed only in areas of proliferating cells, whereas p130 expression is low and diuse. In a, b and c, the arrows delineate the neuroepithelium surrounding the fourth ventricles. Abbreviations as in Figure 2 ( Nevins, 1992) , dierentiation factors such as myoD (Gu et al., 1993; Schneider et al., 1994) , type D cyclins (Dowdy et al., 1993; Ewen et al., 1993) and chromatin modulators such as BRG1 (Dunaief et al., 1994) , may also be dierentially expressed in development. Identi®cation of proteins interacting with pRb and p107 in the speci®c tissues where they are expressed will be important. Analysis of the promoter elements responsible for the tissue speci®c expression of RB1 and p107 in transgenic mice should allow the identi®cation of transcription factors that regulate their expression during development. Factors that regulate the expression of RB1 during hematopoiesis, neurogenesis, myogenesis and lens development, and p107 during heart, lung, kidney and intestine development may control the spatial and temporal capacity of cells to undergo terminal dierentiation during development and, thus, play critical roles in organogenesis.
Materials and methods
Animals
The RB +/7 mice were kindly provided by T Jacks, and genotyped by PCR as described (Jacks et al., 1992) . RB 7/7 embryos were derived by breeding RB +/7 heterozygotes. For embryonic staging, the morning after vaginal plug observation was considered to be embryonal day (E) 0.5. Pregnant females were sacri®ced by cervical dislocation and embryos were transferred to freshly made 4% paraformaldehyde in PBS and ®xed overnight at 48C. The embryos were washed several times in 70% ethanol in PBS, paran embedded and sectioned at 8 mm.
Probes
The riboprobes used for in situ hybridization are depicted in Figure 1 . The mouse RB1 probe was a one kb Bg1II-ApaI cDNA fragment subcloned in pGEM-7zf vector (Promega); antisense riboprobe was produced with T7 polymerase. A mouse p107-speci®c SP6-directed riboprobe was prepared using a 750 bp SphI ± EcoRI fragment subcloned in pGEM-7zf. Two p130 fragments were isolated by PCR from a E14 embryonal cDNA library (purchased from Stratagene) and subcloned into pCRII (TA cloning kit from Invitrogene). A 5' probe which spans 468 bp from nt 1095 to 1563 of the published sequence of mouse p130 (Pertile et al., 1995) was PCR ampli®ed using a 5' oligo (5'-TTGGGACTCTGTCTCGGTGTCTAAG) and a 3' oligo (5'-AATGCGTCATGCTCCAGAACACCAG). A 3' 645 nt probe extending from nt 3141 to 3786 was PCR ampli®ed using a 5' oligo (5'-AACAACGAAG-CAATGCCTTCTCCTC) and a 3' oligo (5'-TTTGGATTCTGAGCCGTGTTGAAGG). PCR conditions were 948C (denaturation), 608C (annealing) and 728C (extension), one minute each for 30 cycles. Both antisense p130 riboprobes were prepared using T7 polymerase. PCR products were veri®ed by DNA sequencing.
In situ hybridization
In situ hybridization was performed as described (Hui et al., 1994) , 35 S-UTP labeled riboprobes were used at 2610 5 c.p.m./ml. Hybridizations were carried out overnight at 558C. Two high stringency washes at 658C in 50% formamide and RNase digestion as described (Hui et al., 1994) , removed non-speci®c binding of the probes. The slides were ®nally coated with NTB-2 emulsion (Kodak), exposed at 48C for 3 weeks, developed and stained with toluidine blue. Sense probes were used as negative controls and gave very little background. For this reason and (e ± f) Lysates of brains and carcasses from E13.5 RB +/+ and RB 7/7 embryos were fractionated on 7.5% PAGE ± SDS gels and immuno-blotted with anti-p107 (E) or -p130 (F) polyclonal antibodies Table 1 Summary of expression patterns and relative levels of RB1, p107 and p130 during embryogenesis because the dierent anti-sense probes hybridized to uniquely dierent regions of the embryos, the sense probes were not included in the ®gures.
Western blots
Western blot analysis was as described (Zacksenhaus et al., 1996b) . Brie¯y, single-cell suspensions in PBS were prepared from the brains and carcasses of E13.5 embryos, by passing the tissues through gage 23 needles. After brief spins, the tissue pellets were resuspended and lyzed in EBC (50 mM Tris.HCl pH-7.5; 0.5% NP-40; 150 mM NaCl plus proteinase inhibitors). Protein concentrations were determined using a Biorad protein assay (Biorad). Equal amounts of protein lysates (150 mg) were fractionated on 7.5% SDS ± PAGE gels, transferred to nitrocellulose membranes and immunoreacted with polyclonal antibodies to p130 (C-20, Santa Cruz Biotechnology) and p107 (C-18, Santa Cruz Biotechnology) at a dilution of 0.33 mg/ml. Anti-rabbit secondary antibody conjugated to horseradish peroxidase was used at 1 : 8000 dilution. Bound antibodies were visualized with an ECL kit from Amersham.
